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Abstract

A digital photostudiowashbuilt to generatenigh
quality realworld input datafor variousimage-
basedrenderingand vision algorithms. Special
attentionwas paid to carefully controlthe light-
ing conditionsin orderto beableto acquireexact
dataaboutthe surfacepropertief objectsusing
readilyavailabledigital cameraechnology

This paperdiscussethespeci c demandsand
requirementghat arisefrom thesegoalsfor the
equipmenin the photostudio. Furthermorewe
describethetypicalwork o w for oneof our cur
rentprojects,therebyillustrating the interopera-
tion betweerthe differentdevices.

1 Intr oduction

Theneedfor morerealisticinputdatafor various
image-basedenderingandvision algorithmsin-
creasesnoreandmore.In additionto traditional
multimediaapplications e-Commerceseemso
beadriving forcefor new developmentsBefore
buying a productonline shoppersvould like to
geta visual impressionof the productthatis at
leastasgoodastheimpressiorthey cangetfrom
apapercatalogueOncethenecessargatais ac-
quiredthey canlook atthe productfrom all sides
by turning it on the screenusing image-based
renderingtechniques.

Although most productsare fabricatedin an
industrial productionprocessthereoften exists
no model that can be used for this purpose.
Thereforeit is importantto be ableto acquirea
realistic3D modeltogetherwith appropriaten-

formationabouttheobject's surfacepropertiesn
afastandef cient way.

In contrasto CAD modelsaytracedimages,
andothersyntheticscenesreal world datausu-
ally containsartifactsfrom noise,limited sensor
resolution,lens errors, or other sources. As it
is often not possibleto simply ignorethesearti-
facts,new proceduresave to be developedand
existing algorithmsmustbe modi ed in orderto
usedataacquiredfrom real world objects. For
thisreasonpbtainingrealisticmodelsfor geom-
etry, re ection propertiesandotherphysicalob-
ject propertiesfrom imagedatahasbecomean
increasinglyimportant areaof researchin the
pastfew years.

During the lasts months we built a digital
photostudiothatis tailoredto our speci ¢ needs
in acquiringthis kind of input data. It consists
mainly of a digital cameraalmostpoint shaped
light sourcesa low re ection (i.e. black) room,
andresourcefutomputingequipment.

In thefollowing sectionsve describeour (ide-
alistic) requirementgor eachcomponenbf the
photo studio and to what extend theseare met
by the equipmentwe have. Finally, we discuss
thescenaridor oneparticularprojectwe arecur-
rently working on to illustratethe useandinter-
operationof the differentdevices.

2 The Camera

A cameras the centralpieceof hardwarefor an
image-basedneasuremeniab suchas the one
ervisioned.Analogcamerasrenot practicalfor
this kind of purposemostly dueto the long de-



velopmentycle,andthenecessityo digitize the
imageafterwards, which is eithertediousor, if
doneby a photo lab, out of control of the re-
searcher

Thisleavesdigital camerasstheonly feasible
possibility. The choiceof a particularmodelhas
to bemadebasednavarietyof criteriathathave
to be ful lled for differentapplications. These
criteria, and the tradeof betweenthemwill be
describedn thefollowing.

2.1 General Requirements

Whenusinga cameraasa measurementdevice,
we demandhatit recordsaccuratg10-12bit per
channel)landhigh resolutionimageinformation.
But we alsowantto have the e xibility anduser
friendlinessof analog35 mm cameras.

In additionto thesecriteria,ananalysisof dif-
ferent measurementge wantedto performin
the lab shovedthatthe cameramustbe capable
of takingimagesof both still objectsandliving
subjectsandthatthe ability to obtaincolorim-
ageswas a necessity Furthermore the camera
shouldbe ableto dealwith a variety of different
lighting situations,especiallythosethat require
long exposuretimes,which arefor examplenec-
essaryto generatenigh dynamicrangeimages.
Additionally, objectsof different sizeswill be
capturedwhich implies that the lensesshould
beinterchangeablegnda wide variety of differ-
ent lensesshouldbe available. Also, sincethe
camerawill be usedfor measuremenpurposes,
we would not like to introduceartifactsby us-
ing alossycompressiotechniquesuchasJPEG.
Thesetwo criteriarule out mostof theconsumer
guality cameras.

Finally, a very importantcriterion for simpli-
fying the actualmeasurementss that the cam-
erashouldbe completelycontrollableremotely
from a computer Sincemeasurementsftenre-
quire us to take seriesof imageswith different
exposure,aperture andfocussettings,the need
to controltheseparameteratthecameraguickly
becomes nuisancdor theresearchelAlso, ary
kind of manualadjustmentat the camerabears
the dangerof slight changesn cameraposition
andorientation.

With currentcameratechnology the highest
possibleresolutioncan be achiezed with scan-
ning back cameraswhere a single sensorline
is moved acrossthe image plane. However
thistechnologywhichis comparabléo a atbed
scannemakesit impossibleo acquiremagesof
living subjects.

For generatingolorimageswith digital photo

camerasthree different approachesre widely
used.The rst oneis to take severalimageswith
a monochromaticcamerausing different color
Iters (usuallyin theform of a Iter wheel). This
approachs impracticalfor moving objects. Al-
ternatvely, theimagecanbesimultaneouslgap-
turedby separat€CCD chips,onefor eachcolor
channel. Due to their complicatedoptical and
mechanicabkystemthesecamerasaredif cult to
produceandnotvery common.

The third methodwhich yields lower quality
resultsis to usea singleCCD chip with color I-
tersin front of the individual pixels. This way,
a color imagecanbe obtainedwith a single ex-
posure,but every pixel will only have informa-
tion aboutone color channelcorrespondingo
the color of the Iter in front of it. This means
that for a full RGB imagethe individual chan-
nels have to be interpolatedacrossthe image,
whichreduceghespatialresolution.Despitethis
shortcoming,our needto dealwith living sub-
jectsmandateshe useof thelattersolution.

A commonproblemof CCD camerass high
noisefor large exposuretimes. The bestavail-
ablecameragor measuremergurposesareused
in astronomicobsenatories. They often contain
custombuilt sensorswith very low noiselevels
thatcanbe completelycontrolledby a hostcom-
puter[11]. They areusuallycooledwith liquid
nitrogenand cantypically be usedfor exposure
times of up to one hour limited by external ef-
fectsascosmicrayshitting the sensor Unfortu-
nately thesecamerasretypically only available
in monochromaticersionsandthe coolingsys-
temsincreasesizeandweightof thecamera.

2.2 The Choiceof Camera

As a result of the abore discussion,we have
decidedfor a high-enddigital cameraintended



for professionaphotography In particular we
have chosenthe Kodak DCS 560, which is a
35 mm focal plane shutter SLR camerabased
on a CanonEOS-1Nbody. It hasall the usual
featuresof currentSLR cameradik e anautofo-
cus and auto exposuresystemand can be used
with most Canon EF autofocuslenses. The
2008 3040pixel imagingsensoiis smallerthan
a regular 35 mm Im frame leadingto a lens
magni cation factorof 1.3. Nonethelessll the
standardensedor the Canonbody canbe used.
Its sensitvity is comparableo a Im with 80—
200ASA speed A moredetailedtechnicalspec-
i cation canbefoundin [4].

Thecamergroducesmageswith 12 bit color
depthin a KodakproprietaryTIFF format. The
hostcomputersoftwarecorvertstheminto color
or grayscalemageswith upto 16 bit colordepth.

If the camerais usedas standalonesystemit
can be operatedin the sameway as an analog
SLR camera.Theonly differenceis thattheim-
agesarestoredonaninternal540MB harddrive.
But it is alsopossibleto controlit remotelyvia
a serial[EEE 1394 FireWre connection.In this
casemostof the settingscanbe changedy the
hostcomputerandimagescan be acquiredand
downloadedvia FireWire.

Kodakprovidesa SDK which allows the user
to write theirown programgo controlthecamera
onaWindows or Mac platform.

3 The Lamps

3.1 Light Source Geometry

For mary image-basedenderingandvision al-
gorithmsthe solid angleformedby the incident
light raysshouldbewell de ned andassmallas
possiblefor any givensurfacepoint. This canbe
achiezedby eitherusingaparallellight sourceor
apointlight source.

The most commonparallel light sourceis a
collimated laserbeam. It is often usedin go-
niore ectometerdo measurehe BRDF of asur
face. But it is hardto illuminate a large object
with a collimatedlaserbeamasa lenswith the
samediameterasthe objectis needed.Further
more, a laseremitslight of a singlewavelength

which makesit impossibleto recordthe color of
the surface. Due to the coherenceof laserlight
diffraction patternsareformed.

A point light sourcecanbe approximatedy
anearlypointshapedight sourceor by avirtual
point light sourcecreatedby addinganaperture,
a lens system,or a re ector to a regular lamp.
Placinga small aperturein front of a non-point
shapedight sourcdeadsto two problems.Only
asmallfractionof theemittedlight will passhe
apertureandtheangulardistribution of thelight
is ratherinhomogeneouasthe apertureformsa
pin hole camerawhich projectsanimageof the
light sourceontotheobject.

For alensbasedight systentheeffective size
of the light sourceequalsthe size of the lens
which is usually quite large. The sameholds
for a systemwith a re ector unlessit contains
an ideal point shapedight sourceandthe light
is alwaysre ected in the directionit is coming
from.

If anon-ideallight sources putatalargedis-
tancefrom theilluminatedobjectthe solid angle
formedby the incidentlight raysbecomesvery
small. Any light sourcecan thereforebe used
asan approximatiorfor distantparallelor point
light sources. But as the irradiancedecreases
with theinversesquareof thedistancevery pow-
erful light sourceshave to be usedfor this ap-
proach.

3.2 Photometric Requirements

The irradianceat each surface point must be
known in orderto interpretthelight reachinghe
camerarom thatpoint. It canbe determinedy
a calibrationprocedurdor eachsetup.However
it is much more desirableto be ableto assume
thatanequalamountof light is emittedfrom the
light sourcewithin a certainarearesp. a certain
solid angleasit is doneby ahomogeneoupoint
light source.

In orderto acquirehigh quality colorinforma-
tion the spectrumof the emittedlight shouldbe
constantduring a single photo sessionbut also
for several session®ver the courseof weeksor
even months. Furthermorehe spectrunshould
be approximatelyconstanver thevisible spec-



trum to allow for agoodcolor reproductior9].

For practicalreasons pointlight sourcemust
be very bright asmostof the light (i.e. usually
morethan90%)is notemittedin directionof the
object. On the otherhandthe power consump-
tion shouldbe assmall aspossibleto avoid ex-
cessve heatproduction.

3.3 RealLamps

Most of the photometriaequirementén thepre-
vious sectionarealsocommonfor photographic
and cinematographi@pplications. But a point
light sourceis usuallynot desiredasit produces
very hard shadevs and is ratherunpleasanto
look atfor humansubjects.

We would like to be ableto recordhigh dy-
namic rangeimages[3] by combining several
differently exposedimagesof a scene.Varying
theexposureusing ashesis only possiblewithin
anarrav rangeastheactualexposureime hasno
in uence on theexposure We thereforedecided
to useconstantight sourcesnsteadof ashes.

Although tungstenampsare often usedtheir
low color temperaturdéeadsto poor color repro-
ductionandyellowish imageswhich have to be
correctedusingwhite balancdechniquesDueto
theirlow ef ciency thesdampshaveto berather
strongproducinga large amountof heat.

Thesedisadantagescan be overcomeusing
HMI dischagelamps[10]. In theselampsa lu-
minous arc burns betweentwo electrodeg(see
Figurel). It producesa very brightlight whose
spectrumis similar to daylight. Their ef ciency
isabout3timeslargerthantheef ciency of tung-
stenlamps.

Unfortunately HMI bulbs produce a large
amountof UV radiationwhich mustberemoved
asit posesa serioushealthhazard. Therefore
HMI bulbs are usually mountedin a housing
with asafetyglassglassplateandare ector ren-
deringthemunusableaspointlight sources.

After a long searchwe bought2 Joker-Bug
800 lamps which are producedby the French
compaly K5600. They containa special800W
HMI bulb with a coatingthatshieldsthe UV ra-
diation. A clearsafetyglassbealer encloseghe
bulb but still allowsthelampto be usedaspoint

Figure1: A HMI bulb mountedin a lamp. An
electric arc is producedbetweenthe two elec-
trodesin theinner glassball. Theeffectivelight
sourcediameteris smallerthan1 cm.

light source.

In additionwe have severalre ectors anddif-
fusorboxeswhich canbe mountedon the lamps
to generatealiffuselighting situationsasarecom-
monly usedby photographers.

4 The Room

Our planwasto divide the roomin two parts—
a smallcomputerab with additionalstoragefa-
cilities for our equipmentand the actualphoto
studio. Peopleshould be able to work in the
computerlab e.g. remotecontrolling the cam-
erawhile the photostudiois usedto take images
undercontrolledlighting conditions.

The mostimportantrequirementor the photo
studiowas that no light bouncingof the walls,
the oor, or the ceiling should illuminate the
scene.This meanghatasmuchlight aspossible
mustbeabsorbedy thewalls, the oor, andthe
ceiling of the room. Furthermoreno light from
theoutside(i.e. the computerab) shouldgetin-
sidethe photostudio.

We decidedto usa24 m sizedareaasphoto
studio. Thewalls andtheceiling wereto becov-
eredwith blackcloth anda black carpetwasput
in. Two black curtainsallow for easyaccesdo
the photostudio. For the selectionof the black
materialsthe following issueswere considered
important.

Thecorrectexposurefor ascenes usuallyde-
terminedby measuringhe light thatis re ected



from a 18%re ectancegray card. If this value
is put on Zone 5 of the Zone system[1] the
lowestusefuldensityof a negative is at Zone 1
which correspondgo 1.125%re ectance. The
dynamicrangeof a digital sensoris potentially
evenhighet

Unfortunatelytheblackclothwe lookedatre-

ects still about2% of the incidentlight which
meansthat even for an analog Im the black
clothdoesstill notlook blackwhenthegraycard
is correctly exposed. However we expect that
this is no problemfor most practicalsituations
aswe canusuallymanageto have a lower light
level onthecloththanonthescene.

The secondrequirementor the materialswas
thatthe remaininglight shouldbe re ectedin a
diffuseway. As curtainstendto bein a curly
shapearbitrary combinationsof incident light
andviewing directionwill appear If this leads
to speculathighlightsthe measurementwill be
incorrect.

Weighting theserequirementave nally de-
cidedto usea thick felt to cover the walls and
theceiling. It re ects light in avery diffuseway
andis denseenoughto separatéhecomputetdab
from the photostudio. For the oor we choose
a black needle eece carpet. Sincethe curtains
block ary kind of air o w, andthelampsradiate
a seriousamountof heat,a good ventilation or
air conditioningof theroomis mandatory

Figure2 shonvs animageof theinterior of the
photostudioin a working situation. A high dy-
namicrangeimagewasgeneratedrom a series
of imageswith differentexposuretimes|[3]. By
applying a suitabletone-mapper(e.g. [13, 14,
15]) the dynamicrangeis compressedndmore
detailscanbeseen.

5 Additional Infrastructur e

A singlecompressedaw imageof the DCS 560
in a Kodak proprietary TIFF format needsbe-
tween5 and6 MB of storage.During the con-
versioninto areadableTIFF formatthe sizecan
grow up to 36 MB. As we are usuallytaking a
largenumbetrof imageswhichwetypically want
to keeparoundfor aninde nite periodof time,a
sophisticatestoragesolutionis required.

Figure2: Thephotostudio. Thisimage wasgen-
eratedfroma high dynamicrange image by ap-
plying a tone-mapper

At presentwe use a semi-automatic,three
level hierarchicalstoragesystem.The cameras
controlledby a Windows NT PC with 1 GB of
main memoryandseveral GB of temporarydisk
space. After the corversionanda rst valida-
tion phaseall usefulimagedatais transferredo
a central le sener with a 190 GB RAID 5 ar
ray via FastEtherneta GigabitEthernetine be-
tweenthe two machiness in preparation). As
third level we usearobotcontrolledtapearchive
system,from which older datacan be retrieved
atary time.

6 A SampleProject

Using the studioequipmentasdescribedabore,
the typical work ow for one of our current
projects,which dealswith the reconstructiorof
surfacere ection propertiesfrom images,is as
follows:
acquisitionof the 3D model from a range
scanner
calibrationof the intrinsic cameraparame-
ters
positioning and calibration of the light
source
selectiorof anumberof cameraviewpoints,
andfor eachviewpoint
— acquisitionof imagedata
— generatiorof high dynamicrangeim-
ages
— registrationof imageand3D model



tting of are ection modelto the samples
containedn all acquiredmages
In thefollowing we describesomepartsof this
generalkettingin moredetail.

6.1 Acquisition of Image Data

To acquireanimageof anobjectwe arefollow-
ing standardproceduredor objectphotography
Howeverit is sometimeslesirablgo takeimages
of thewholesurfaceof theobjectwithoutchang-
ing thelighting. In this casewe try to illuminate
thewhole objectwith the availablelight sources
andadditionalre ectors madefrom styrofoam.

In contrastto digital camerasusedin astron-
omy, theDCS560is nota genuinemeasurement
device. It is optimizedto producevisually pleas-
ing imagesinsteadof recordingexact informa-
tion aboutthe scene.The cameraandtheimage
conversion software on the host computerper
form a seriesof imageprocessingteps. Some
of thesesteps(e.g. the reconstructiorof RGB
datafrom the sensodata)arealsonecessaryor
ourapplications But otherstepsasimagesharp-
eningor contrasienhancindeadto fake data.

At room temperatureCCD sensorscan pro-
ducea signi cant amountof noisefor exposure
timeslargerthanl s (seeFigure 3). This noise
seemgo bedueto “hot pixels” onthechipwhich
collectchageevenwhennolight is hitting them.
We have no meando cool thecameraandthere-
fore have to dealwith this unasoidableartifact
of the CCD sensoiif we wantto acquireimages
with long exposuretimes.

To solve theseproblemswe usethe raw sen-
sor datafrom the DCS 560to performnoisere-
moval and imagereconstructiorusing our own
software.

6.2 Generation of High Dynamic
Rangelmages

The dynamicrangeof analog Im is approxi-
mately10 aperturestopsor roughly1:1000.The
full dynamicrangeof theDCS560is 1:4000cor-
respondingo 12 bit color depth. But this may
still notbe enoughto recordall informationin a
scene. Especiallyin casesvherea bright light

Figure3: A 422 281 excerptfroman image of
a GretagMacBethColorCheger taken with the
DCS560 at a Im speedof 80 ASAwith 25 s
exposue time Theimage showsfour constant
colored patchessepartedby a black cross. The
noiseis mainly dueto “hot pixels” onthe CCD
chip.

sourceanda shadevedareaareon the sameim-

ageno information can be recordedin a single
imagefor eitherthe bright or thedarkareasBut

mary applicationscanreducethedynamicrange
of theinputdata:Sometime®nly partsof anim-

ageareviewed leaving out bright or dark areas,
or atone-mappe(e.g.[13, 14,15]) is appliedto

explicitly reducethe dynamicrange.

For staticscenesvethereforgake usuallysev-
eral imageswith varying exposuretimes. By
combiningthevaluesfor eachpixel from all suit-
ableimagesan high dynamicrangeimagecan
be createdhatcontainsoating pointluminance
valueg[3].

6.3 Acquisition of a 3D Model

In mostcaseghe 3D modelof anobjectis not
availableandwe thereforehave to acquireit our-
selhes. For this taskwe usea SteinbichlerTri-
colite 3D scanner It consistsfrom a stripe pro-
jector and a video cameramountedon a solid
tripod. A binary stripe patternis projectedon
the objectandobsenedby the camera.The cap-
turedimagesare usedto determinethe position
of surfacepointsby structuredight techniques.
Several scansare necessaryo recordcomplete
informationaboutan object. The scansarethen



Figure 4: Image of a calibration object taken
with a 14 mmlens.

combinedo asinglemeshusingthe Steinbichler
COMETplussoftware.

Dueto the operationprinciple of the scanner
concae objectsare hardto scan. Eachsurface
point mustat the sametime be visible from the
stripeprojectorandfrom thevideocamerao ac-
quire its position. Furthermoredark, patterned,
or specularsurfacesarehardto scan. Therefore
for mostobjectsthe 3D modelshave to be opti-
mizedrequiringuserinteraction.

6.4 Camera Calibration and Image
Recti cation

Most algorithms assumethat images are ac-
quired using a perspectie projection. But this
is only truefor pin holecamerasut notfor cam-
eraswith alenssystem.

Thus the actual transformationof the cam-
eraslenssystemmustbedeterminedor whicha
checlerboardcalibrationobjectis used(seeFig-
ure4). Severalimagesaretakenwith the same
lens settings(i.e. objectdistance focal length)
thatareusedto capturethe actualimagesof the
object. An implementatiorof the Harris detec-
tor [5] includedin Bouguets cameracalibration
toolbox [2] is usedto extract the featurepoints
from the calibrationimages.

As the geometryof the calibrationobjectis
known, it canbeusedo extracttheintrinsicdata,
especiallyradial and tangentialdistortion coef-

cients usingstandardcameracalibrationtech-

niques[6, 12, 16]. With this information pure
perspectie projectionimagesaregenerated.

6.5 Registration of Images and 3D
Model

To generatea completemodelof the objectthe
imagedataandthe 3D modelhave to be regis-
teredagainstachother

For objectswith a distinct silhouettethe im-
agescanbe registeredwith the 3D modelusing
a silhouettematchingalgorithm([7, 8]. Thein-
putimageis sggmentedo extractthe silhouette
of the object. Afterwards,a non-linearoptimiza-
tionis usedo matchtheextractedsilhouettewith
thesilhouetteof the object.

In eachoptimizationstepthe 3D modelis ren-
deredwhitein front of ablackbackgroundThen
the sggmentedimageis combinedusing a per
pixel XOR-operation.The numberof pixelsthat
differ can be calculatedby evaluating the his-
togramof theimage.Sinceall thesestepscanbe
executedn hardwarethenon-linearoptimization
canbe ssigni cantly acceleratedFigure5 shows
an exampleof an imagethatis registeredwith
thecorrespondin@D model.

6.6 Generationof Re ection Models

Oncewe have acquiredseveraldifferentview of
anobjectwe canusethemto furtheranalyzethe
re ection propertieof theobjectsurface.

7 Conclusion

The mainchallengen building the photostudio
wasto nd equipmenthatsuitesour needs.As
ourrequiremenarein mary casedlifferentfrom
therequirementsf traditionalphotographersie
sometimedadto searcHor alongtime until we
founda goodsolution.
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